Bifunctional FAD synthetases (FADSs) fold in two independent modules; The C-terminal riboflavin kinase (RFK) catalyzes the RFK activity, while the N-terminal FMN-adenylyltransferase (FMNAT) exhibits the FMNAT activity. The search for macromolecular interfaces in the Corynebacterium ammoniagenes FADS (CaFADS) crystal structure predicts a dimer of trimers organization. Within each trimer, a head-to-tail arrangement causes the RFK and FMNAT catalytic sites of the two neighboring protomers to approach, in agreement with active site residues of one module influencing the activity at the other. We analyze the relevance of the CaFADS head-to-tail macromolecular interfaces to stabilization of assemblies, catalysis and ligand binding. With this aim, we evaluate the effect of point mutations in loop L1c-FlapI, loop L6c, and helix α1c of the RFK module (positions K202, E203, F206, D298, V300, E301 and L304), regions at the macromolecular interface between two protomers within the trimer. Although none of the studied residues is critical in the formation and dissociation of assemblies, residues at L1c-FlapI and helix α1c particularly modulate quaternary architecture, as well as ligand binding and kinetic parameters involved with RFK and FMNAT activities. These data support the influence of transient oligomeric structures on substrate accommodation and catalysis at both CaFADS active sites.
Many biological events require the formation of protein oligomers or multiprotein assemblies, rendering this formation a mechanism for the modulation of protein activity [1] [2] [3] . Protein-protein association or dissociation processes can be regulated by the binding of partner proteins, metal cofactors or small allosteric effectors, as well as the conformational changes coupled to catalysis 4, 5 . The FAD synthetase from Corynebacterium ammoniagenes (CaFADS) is a bifunctional enzyme responsible for the synthesis of flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) cofactors. The CaFADS crystal structure shows that this protein folds in two nearly independent modules, similar to other bifunctional prokaryotic FADSs 6, 7 . The C-terminal module catalyzes FMN synthesis from riboflavin (RF) (riboflavin kinase, RFK), while the N-terminal one transforms FMN into FAD (FMN:adenylyltransferase, FMNAT) ( Figure 1A ). Bioinformatic tools for the exploration of macromolecular interfaces predict that CaFADS might stabilize in hexameric assemblies in solution, organized as dimer of trimers 6, 8 . Some experimental facts support the formation of these assemblies: 1) the identification in cultures of C. ammoniagenes cells of different oligomeric forms of FADS and, 2) the observation at the single-molecule level of the dimer of trimers as well as of oligomers induced by ligand binding 8 . Therefore, it was proposed that binding and dissociation of substrates/products of the CaFADS enzymatic activities, FMNAT and particularly RFK, induce conformational changes which lead to self-association/dissociation processes. No dependence on the protein concentration for these processes has been observed in vitro 8, 9 . In the predicted CaFADS dimer of trimers model, the protomers adopt a head-to-tail organization within each trimer that causes the RFK and FMNAT catalytic sites of two neighboring protomers ( Figure 1A ) 6 to be in proximity. Thus, in the dimer of trimers model, ligand binding and catalytic efficiency during catalysis at the active sites of one protomer might be modulated by the active sites of neighboring protomers. Structural analysis of the CaFADS dimer of trimers suggested loop L3c (residues 231-246, c denotes for the C-terminal RFK module) is a determinant to stabilize this assembly 8 . It is unknown whether other prokaryotic FADSs might produce such macromolecular assemblies, but L3c is only predicted in FADSs from the taxonomically closely related Corynebacterium and Mycobacterium genera 10, 11 . Attempts to produce stable recombinant FADS from the Mycobacterium genus have so far failed, but the FADS from the human pathogen M. tuberculosis shares 45% identity with CaFADS. Therefore, the latter enzyme is considered a good model for the former, as with other M. tuberculosis proteins 12 . Stabilization of a dimer of trimers might only occur in FADSs from these two genera, but whether any other family members could stabilize another type of assembly is still unknown. In this context, the formation of specific macromolecular assemblies, together with substrate inhibition or the requirement for reduced flavin substrates [13] [14] [15] [16] , might be other regulatory strategies adopted by FADSs. These regulatory mechanisms are highly relevant because they regulate cellular processes such as flavin delivery to apo-flavoproteins or those dependent on flavin homeostasis 17, 18 . In addition to loop L3c, several elements stabilize head-to-tail interfaces within each trimer through H-bonds, electrostatic and hydrophobic interactions in the CaFADS dimer of trimers. Loop L4n (n denotes for N-terminal FMNAT module), loops L1c-FlapI and L6c, together with helix α1c, form the interface between two protomers within the trimer and contribute to the structures of the active sites ( Figure 1A ) 6 . L1c-FlapI, L6c and α1c, together with loop L4c-FlapII, form the closed conformation of the RFK flavin-binding site that is reached after being triggered by substrate/product binding ( Figure 1B) 9 . In addition, a salt-bridge between the catalytic base at the RFK module, E268, and R66 at loop L4n stabilizes each trimer within the dimer of trimers 16, 19 , while residues at the RFK catalytic site modulate binding parameters and catalytic efficiency at the FMNAT active site 16 . Here, at the molecular level, we analyze the relevance of the trimer head-to-tail interfaces in the stabilization of the quaternary assembly, as well as in ligand binding and catalysis. With this aim, we evaluate the effects produced by point mutations at L1c-FlapI (K202, E203 and F206), L6c (D298), and α1c (V300, E301 and L304) of CaFADS (Figure 1 ) 6 . These secondary structural elements belong to the RFK module and contribute to the structure of the active sites for FMN and FAD synthesis of two contiguous protomers within each trimer ( Figure 1A ) 6 . Additionally, they are involved in important conformational changes related to flavin binding and catalysis at the RFK module ( Figure 1B) 9 . Our data indicate that none of the mutated residues is critical for catalysis. Nevertheless, evaluation of the properties of the mutants, in view of the available 3D structures for wild-type (WT) and CaFADS variants, indicates that the side chains replaced in this study contribute to stabilizing the oligomers, as well as the ligand binding and kinetic parameters for both enzymatic activities. Our results thus support the formation of organized transient oligomeric assemblies in the catalytic cycles of CaFADS, and indicate that they contribute to modulating the CaFADS efficiency during catalysis.
Results

Spectral properties of CaFADS variants.
The expression levels of all variants are similar to that of WT CaFADS (10-17 mg per g cells). Most mutants primarily purified as monomers, with a small population of oligomeric species ( Figure SP1 ), similar to WT CaFADS 8, 19 . Far-ultraviolet (UV) circular dichroism (CD) spectra were similar to those of the WT 20 , indicating minor impact of the mutations on the enzyme's secondary structure ( Figures SP2A and SP2B ). However, some mutations considerably decreased the intensity of the near-UV CD signal ( Figures SP2C and SP2D ), suggesting local changes in the region contributing to the signal.
Visible difference spectra monitored during titration with flavins indicated that all the CaFADS variants interact with RF, FMN and FAD ( Figure SP3 ). Noticeably, while mutations at charged residues increase the magnitude of the difference spectra in comparison to the WT enzyme, the opposite effect was observed for mutations at hydrophobic residues. The most significant changes of peak shapes in the spectra were observed when titrating with FAD and FMN, particularly for the F206W, D298E and E301K variants ( Figures SP3C-SP3F ), suggesting different environments of the isoalloxazine ring in the flavin binding site at the FMNAT module. The increase in the magnitude of the difference spectra upon titration of the preformed WT CaFADS:ADP:Mg 2+ complex with FMN (~8-times higher than in the absence of ADP) is related to the formation of the FMN binding site at the RFK module 16, 19, 20 . Noticeably, this effect was smaller for most of our variants and undetectable for E301K ( Figures SP3G and SP3H ). Calorimetric results (discussed below) indicate that, as reported for the WT, all variants maintain two binding sites for FMN in the presence of ADP. Difference spectra suggest that the mutations alter the closed conformation of the flavin isoalloxazine binding site at the RFK module, as described for WT 9 .
Size distribution of CaFADS variants. Previous studies showed that monomeric WT CaFADS, incubated with the products of the RFK activity (FMN and ADP in the presence of Mg 2+ ), stabilizes a transient dimer of trimers, which mostly dissociates into the monomer form upon the ligands' removal by gel filtration chromatography 8, 19 . This is due to the protomers of CaFADS rapidly assembling in response to ligand binding, and disassembling when ligands are eliminated. However, a small fraction of oligomers always remains after gel filtration, which probably reflects the presence of poorly fit assemblies with a large kinetic barrier to dissociation. This might be a consequence of the thermodynamic complexity of the system (see text and data below), which forms other assemblies than the transient dimer of trimers 8, 19 . In practice, these observations allow the evaluation of whether the introduced mutations modulate assembly and disassembly profiles of WT CaFADS 8 . Taking advantage of this, we next studied whether the mutations influence the CaFADS monomer-oligomer interconversion associated to the binding and dissociation of ligands. We used freshly purified fractions containing either monomeric or oligomeric (which included all oligomeric fractions isolated by gel filtration of freshly purified variants) species and independently incubated them with the products of RFK activity. Monomeric and oligomeric species in the absence of ligands were similarly treated but used as controls. Gel filtration chromatography was then used to remove ligand and separate monomers and oligomers and quantify their relative percentages (Figures 2 and  SP4 ). For all variants, in the absence of ligands, samples that began as freshly prepared monomers eluted again mostly as monomers (peak labelled 2 in Figures 2A, SP4A and SP4B) . Variants, when prepared as monomers that had been incubated with the products of the RFK activity, were also isolated mainly as monomers after gel filtration ( Figures 2B, SP4C and SP4D ), as has been reported for WT CaFADS 8, 19 . The only exception was E301K CaFADS, which recovered less than 20% of the monomer.
When oligomeric fractions (the peak labelled 1 in the chromatograms) were similarly treated in the absence of ligands, the monomer/oligomer ratio was ~0.8 for WT, with no statistically relevant differences for most of the variants ( Figures 2C, SP4E and SP4F ). This agrees with the large amount of oligomeric assemblies that remain, which, as mentioned above, possess a large kinetic barrier to disassembly 8, 19 . Nevertheless, this ratio significantly increased for the F206W, V300K and L304 variants, indicating the greater conversion of such assemblies into monomers (panel to the right of Figures SP4E and SP4F) . Finally, when the original oligomeric fractions were treated with FMN and ADP, most of the variants exhibit monomer/oligomer ratios similar to the corresponding control. However, no traces of monomer were detected for the F206A variant ( Figure 2D ), indicating that this mutation prevents recovery of misfit assemblies by ligand binding and dissociation. In contrast, the V300K and L304K mutations clearly promote the recovery of the monomeric form ( Figures SP4E and SP4F) .
Altogether, these data indicate that point mutations introduced at F206 in L1c-FlapI and V300, E301 and L304 in α1c modulate the reestablishment of monomeric forms as well as the type of assemblies that are produced.
Effects of the mutations in the catalytic activities of CaFADS variants. Qualitative analysis of RFK
and FMNAT reactions by thin layer chromatography (TLC) indicates that all the variants retained both catalytic activities (not shown).
The RFK activity was quantitatively analyzed by monitoring the conversion of RF into FMN and FAD (because there is no way to fully avoid FMNAT activity) ( Table 1) . At saturating ATP concentrations, all the variants exhibit the WT-like RF-inhibition kinetic profile (not shown). The calculated inhibition constants suggest that only mutation L304A slightly reduces the RF inhibitory effect (see K i in Table 1 ), while the effect is large enough for F206W, D298E, V300A and E301K variants to prevent determination of accurate kinetic parameters. All mutants except V300K and L304K reduce both k cat (1.5-8 times lower than WT CaFADS) and K m RF values (up to 4-fold lower), maintaining the catalytic efficiency of RF transformation within a factor of three from that of WT CaFADS (Table 1) . When determining the RFK activity as a function of ATP concentration, (experiments performed at RF concentrations producing 80% of the maximal measured activity), most of the variants show a significant app k cat decrease (Table 1) , except for F206A, F206K, V300K, L304A and L304K. Under such conditions, the introduced mutations significantly increased K m ATP in the cases of non-conservative mutations at F206 and E203A, and slightly decreased its value for V300K, L304A and L304K (4-7 times less). When RF is kept constant, most of the variants reduce the catalytic efficiency for ATP and only V300K and variants with mutations at L304 show higher efficiency, because of an stronger apparent affinity for ATP (Table 1 ). These observations indicate that although the mutated residues are not critical to maintain the RFK activity, they are in some way implicated in the adequate allocation of substrates during catalysis. The effects of the mutations on FMNAT activity were similarly evaluated ( Table 2 ). The mutations produced minor effects on the k cat and K m ATP values (generally within a factor of two of those of the WT), but decreases in the K m FMN were, in general, more significant (up to 25-fold in the case of E301A). Thus, these variants were more efficient than WT in transforming FMN. These data suggest that mutated residues at the RFK module of CaFADS modulate the catalytically competent binding of FMN during the FMNAT activity of the enzyme.
CaFADS variants interacting with flavins and ATP. Isothermal titration calorimetry (ITC) was
used to determine the binding parameters that describe the formation of CaFADS:flavin complexes (Table 3, Figure 3 ). Upon titration with RF, a single binding site was detected for K202A, E203A, F206W, V300A and L304A CaFADSs. Thermograms for F206A and V300K variants reveal that their interaction with RF, although observed in difference spectra ( Figure SP3) , is weak or occurs with a very low enthalpy change. The remaining Values showing statistically significant differences, P < 0.002, from the WT, as determined by the one-way ANOVA test (n = 3, confidence interval 95%). Values showing statistically significant differences, P < 0.02, from the WT, as determined by the one-way ANOVA test (n = 3, confidence interval 95%). Table 2 . Steady-state kinetic parameters for the FMNAT activity (FMN → FAD) of the different CaFADS variants (n = 3; means ± SE). Data obtained at 25 °C in 20 mM PIPES pH 7.0, 10 mM MgCl 2 . a Values showing statistically significant differences from the WT, as determined by the one-way ANOVA test (P < 0.002; n = 3, confidence interval 95%).
variants exhibit the same binding stoichiometry as the native protein (two RF sites) but with altered affinities. F206K and D298A CaFADSs present slightly higher affinity for RF (K d values only 2-and 4.5-fold lower than WT, respectively), while replacement of E301 by Lys decreases the affinity ( Figure 3A , Table 3 ).
When studying the interaction of these variants with FAD and FMN, several demonstrate low occupancy for either one or both of these flavins (Table 3) , suggesting non-productive assemblies that block flavin access to their binding sites 19 . Differences in FMN affinity were observed, with relatively weaker interactions for D298 and L304 variants, and a very low enthalpy change for V300K. Most of the introduced mutations reduced FAD affinity, particularly E203A, L304A and L304K (K d increases up to 80-fold relative to WT). In general, these differences in binding affinities reveal that the mutations modulate the interactions of flavins with their binding cavity in the FMNAT module.
When analyzing the interaction of the CaFADS variants with ATP, in the presence of 10 mM MgCl 2 , a single binding site was observed for K202A and L304A, while the rest of the variants retained the two independent ATP binding sites of WT CaFADS 16, 20, 21 . Mutations only produced minor effects in the average ATP affinity, with changes introduced at charged residues causing slight decreases and changes at some hydrophobic residues causing slight increases (Table 3) . Thus, these mutated residues barely modulate ATP binding at either or both of the FMNAT or RFK modules.
We have also investigated the interaction of FMN with the preformed CaFADS:ADP:Mg 2+ complex. None of the mutations prevents the FMN binding to the two independent binding sites reported for WT 20 . In general, the mutations appear to disturb the FMN interaction at the high-affinity binding site, presumably the site in the FMNAT module, demonstrating significantly higher K d values for F206A, D298A, D298E and L304K (Table 3) . Only the E203A, F206A, D298A and E301K mutations significantly decrease the affinity of the second FMN-binding site, putatively in the RFK module (K d 10-15-fold higher) ( Figure 4 , Table 3 ). These results suggest that E203, F206, D298, E301 and L304 modulate the interaction of the FMN substrate at both the RFK and FMNAT binding sites.
The large values of the enthalpic and entropic contributions reported for FMN, FAD and ATP binding to WT CaFADS have been related to the formation of a large number of interactions, as well as the displacement of numerous well-ordered water molecules on the protein surface, as a consequence of both ligand binding and the assembly of the dimer of trimers 19 . The corresponding values for the mutants in this work are presented in Figures SP5 and SP6 and Tables SP1 and SP2. In short, these data indicate that these mutations noticeably modulate enthalpic and entropic contributions to ligand binding, with the mutations inducing, in general, the loss of favorable interactions at the FMNAT binding site and the formation of favorable interactions in the RFK module. These data further support the presence of differences between the conformations of the assemblies in these variants.
Crystal Structure of the CaFADS variants. The overall structures of F206W, D298E and E301A CaFADSs
are quite similar to that of the WT (A chains r.m.s.d. values 0.149, 0.152 and 0.251 Å, superimposing 274, 309 and 317 atoms, respectively). They all have two chains in the asymmetric unit and the relative positioning between the two modules of each protomer is identical to that of WT 6, 22 . All mutants contain residues 1 through 338, corresponding to the whole sequence, although in some high-mobility regions the lack of electron density prevents determining of the structural location of some residues. Thus, in the F206W structure, residues 200-204 in chain A and 201-202 in chain B from L1c, as well as residues 259-263 (in chain A) and 261-264 (in chain B) from L4c-FlapII, are not observed. The D298E structure lacks density for residues 259, 260, 261 and 262. The E301A structure shows all residues in chain A but lacks 260, 261 and 262 in chain B. All mutant structures contain, in addition, one sulfate ion and one pyrophosphate molecule, as ligands in each chain. The PISA server 23 predicts a stable dimer of trimers assembly in solution for the three variants, with similar stability as the WT; in contrast, prediction of a single stable trimeric assembly is uncertain (Table SP3 ). Low B factors at residues forming the interface between modules of a single protomer do not predict hinge movements in any of the variants, similarly to that reported for the WT enzyme 6 . For the F206W variant, the side chain of the introduced tryptophan was refined in slightly different conformations for each of the two molecules of the asymmetric unit. Both differ from those of F206 in the WT structure and in the substrate-bound complex ( Figure 5A-C) . Moreover, residues 197-199 on L1c-FlapI of F206W CaFADS were displaced relative to those of the WT ( Figure 5A,C) , contributing to the opening of the cavity where ADP binds in the RFK module ( Figure 5B ). Noticeably, these residues immediately precede the region that stabilizes a 3 10 α-helix (199-204) in the ternary complex structure of the CaFADS RFK module that contains the reaction products, FMN:ADP:Mg 2+ ( Figure 5B ). The PISA server predicts a dimer of trimers for the F206W structure, in which the orientations of F62 and W206 side chains from the two neighboring protomers differ from the WT, and the distance between the aromatic rings increases by 1.34 Å (Figure 5D ).
No differences were observed in the D298E CaFADS structure relative to that of WT. Replacement of D298 with Glu allows carboxylic oxygen atoms to maintain their bond with T165 of the neighboring protomer in the trimer ( Figure SP7 ). Finally, no conformational changes were observed in L6c or in the α1c helix, which contains the E301A mutation, when comparing this mutant's structure to that of the WT. However, the H-bond between E301 of one protomer and T127 on loop L8n of the neighboring protomer, which is predicted for the WT dimer of trimers, is not expected in this case ( Figure 5E ).
Discussion
All studied variants with mutations in L1c-FlapI, L6c and helix α1c are active, as well as able to bind ligands and to stabilize transient quaternary assemblies. The lack of drastic changes prevents us from making conclusions regarding channeling between modules of different protomers, a question previously raised for the CaFADS dimer of trimers 6 . Despite the fact that the effects are not drastic, point mutations, particularly in L1c-FlapI and helix α1c, affect the equilibria between CaFADS monomeric/oligomeric assemblies, as well as kinetic and ligand binding parameters. All mutants also maintain the WT inhibition profile induced by an excess of the RF substrate. This is a critical aspect of the regulation of the RFK activity in CaFADS, to which product inhibition might also contribute 16, 21 . Work is underway to understand the different levels of inhibition occurring in this enzyme. Nevertheless, those studies are beyond the scope of the present work, since the variants presented here do not demonstrate statistically significant differences in K i RF relative to the WT (Table 1) . Therefore, in this work, we emphasize interpreting the effects of mutations on the kinetic and binding parameters in view of the available structural information.
Mutations in L1c-FlapI (K202, E203 and F206) modulated the kinetic parameters for the RFK activity of CaFADS, as well as ligand binding parameters in the C-terminal module (Tables 1, 3 and SP1) . Therefore, although the relevant residues are not directly involved in catalysis, they somehow contribute to achieving the appropriate RFK catalytic geometry. This relationship is consistent with the recently reported structure for the CaFADS RFK:FMN:ADP:Mg 2+ ternary complex ( Figure 1B ) 9 . Complex formation induces conformational changes in L1c-FlapI, β2c and the 207-PTAN-210 motifs, which displace Cαs of K202 and E203 by 8.1 and 7.2 Å, respectively. Concomitantly, the F206 side chain (highly conserved in FADSs 24 ) moves more than 7 Å to stack against M307 of helix α1c and the isoalloxazine ring of the flavin ligand 6, 9 ( Figure 1B) . In these variants, K m FMN for the FMNAT activity, as well as thermodynamic parameters for ligand binding at the FMNAT module (Tables 2, 3 and SP1), reveal the importance of L1c-FlapI residues in FMN and FAD binding in the N-terminal module. Moreover, the low fraction of protein that is capable of FAD and FMN binding that some of these variants exhibit is consistent with the coexistence of competent conformations in equilibrium with non-competent assembles that hinder flavin binding (Table 3) 19 . Furthermore, the strong effect of the E203A and F206A mutations on FMN binding at the FMNAT site in the CaFADS:ADP:Mg 2+ preformed complex (Tables 3 and SP2 ) align with the observation that their monomer/oligomer ratios after purification differ from that of the WT ( Figure SP1A ). In the WT CaFADS dimer of trimers, K202 and E203 stabilize salt-bridges with E130 and N131 from loop L8n of the neighboring protomer within the trimer, while F206 interacts with F62 of helix α2n (Figure 1A ) 6 . The mutation of K202 and E203 to Ala would prevent formation of the salt-bridges, while substitution of F206 by Ala or Lys will abrogate its hydrophobic interaction with F62. With the elimination of such interactions, the shape of the isoalloxazine hydrophobic cavity in the FMNAT site should change, as found when evaluating this cavity in the dimer of trimers assembly for the F206W variant ( Figure 5D ). This conservative substitution apparently reduces the amount of oligomeric assemblies able to bind FMN and FAD at the FMNAT site, relative to the WT, an effect that is clearly overcome in the ternary complex (Table 3) . Altogether, these data indicate that L1c-FlapI and, particularly, F206, contribute to modulating the conformations and the catalytic properties of quaternary assemblies of CaFADS, although the individual residues studied here are neither critical for catalysis nor key determinants in assembling the protein structure.
Mutations in L6c (D298) and the contiguous N-terminal helix α1c (V300, E301 and L304) considerably modulate k cat and K m RF for the RFK activity as well as K m FMN for the FMNAT activity (Tables 1 and 2 ). In general, the mutations decreased the affinity for FAD and FMN, and V300A and D298 variants also show low flavin occupancy (Table 3) . These results, together with the observed changes in the thermodynamic parameters ( Figures SP5 and SP6 , Tables SP1 and SP2), indicate that these residues contribute to the binding of flavins in the FMNAT module as well as to the stabilization of quaternary assemblies. These mutations also affect the flavin binding in the RFK module, as seen in the decrease of the FMN affinities of their CaFADS:ADP:Mg 2+ complexes (Table 3) . These effects (Tables 1 and 3) are consistent with recent studies that show that ligand binding and catalysis at the RFK site triggers dramatic conformational changes in L1c-Flap1, L4c-FlapII, L6c and helix α1c ( Figure 1B) 9 . Residues here mutated do not directly interact with the flavin substrate, but L6c and helix α1c regions are part of the hydrophobic core that closes the re-face of the isoalloxazine ring ( Figure 5B ). In addition, L6c and the N-terminal end of helix α1c also contribute to closing the FMNAT flavin-binding site of the neighboring protomer within the CaFADS trimer ( Figures 1A and 5E ). In particular, D298 establishes H-bonds with T165 at α1n of the adjacent protomer 6 , a residue reported as critical for substrate binding and FMN adenylylation ( Figure SP7 ) 21 . D298 replacement by Ala would prevent this interaction, but in the D298E mutant, the introduced Glu can still retain it ( Figure SP7 ). However, the presence of more than one orientation of carboxylic oxygens suggests that alterations to the FMNAT ligand-binding cavity within the dimer of trimers ( Figure SP7 ) is a factor that determines the low flavin occupancy in the FMNAT sites of these variants (Table 3) .
Among the residues mutated in helix α1c, only V300 is predicted to directly interact with the FMN isoalloxazine ring (1.38 Ǻ) in the FMNAT module of the adjacent protomer 6 ( Figures 1A and 5E ). Substitution of V300 by Ala or Lys will affect the hydrophobic interactions, which can explain the changes observed in FMN and FAD binding parameters (Tables 3 and SP1 ). E301 and L304 are predicted to interact with T127 and A132, respectively, of L8n of the neighboring protomer FMNAT site ( Figures 1A and 5E ) 6 . The lack of interactions between the side chain of residue 301 and T127 in the E301A mutant and the substitution of L304 by Ala would both affect the van der Waals contacts with L8n in the dimer of trimers, producing local effects at this loop that helps close the FMNAT substrate binding site. These mutations can also alter the positive end of the helix α1c dipole, which contributes to the stability of substrate phosphate groups and is located near the FMNAT substrate binding site ( Figure 5E ) 6 . Since ligand binding and catalysis in the RFK module also trigger the conformational change of L6c and the bending of the helix α1c , it is very likely that interplay between RFK and FMNAT modules of protomers, within the trimer, will differ when introducing mutations at L6c and α1c (Figures 2 and SP4 ). However, we cannot further speculate until structures containing the FMNAT module in complex with ligands become available. All these structural considerations also explain the changes in kinetic and binding parameters of the FMNAT module for the CaFADS mutants (Tables 1, 2 and 3) , which suggest a different conformation for flavin binding, especially, for FMN (Table SP1 and Figure SP4) .
Altogether, our data indicate that the secondary structural elements of the CaFADS RFK module investigated herein tune protomer-protomer contacts within the trimer. This confirms the interplay between protein-protein assembly and catalysis, with a possible role of macromolecular interfaces contributing to flavin homeostasis 8 . In this direction, recent studies on the human FMNAT, FADS2, have proven direct delivery of the flavin cofactor to the recipient apoflavoprotein through heterologous protein-protein interactions 25 . If this mechanism also occurs in CaFADS, we might envisage the possibility of macromolecular assemblies as part of a cell strategy to control the delivery of FMN and FAD to apoflavoproteins. However, the study of such new strategies lies beyond this work.
Conclusion
The individual mutations analyzed here, in loops L1c-FlapI, loop L6c and helix α1c of the RFK module of CaFADS, are not unique determinants in the formation of quaternary assemblies, but modulate oligomerization profiles, binding and kinetic parameters for RFK and FMNAT activities. These data indicate that the mutated residues modulate the conformations and geometries of the formed assemblies. The nature of the mutated side chains influences the conformations of structural elements that contain them. In turn, these secondary structural elements modulate the packing architecture within quaternary assemblies, as well as ligand binding and kinetic parameters. In this context, the formation of transient oligomeric structures during the catalytic cycle of CaFADS might be used to control the interplay between flavin synthesis and delivery.
Methods
Biological material. pET28a-CaFADS plasmids containing the K202A, E203A, F206A, F206K, F206W, D298A, D298E, V300A, V300K, E301A, E301K, L304A and L304K mutations were obtained from Mutagenex Inc. Proteins were overexpressed in BL21(DE3) E. coli cells and purified, following a modification of the protocol previously reported, which consists of 20% ammonium sulfate fractionation, followed by sequential phenyl-sepharose and DEAE-cellulose chromatographies 20 . Protein purity was assessed by SDS-PAGE. Purified samples were dialyzed in 20 mM PIPES, pH 7.0, and quantified using the theoretical extinction coefficients, ε 279 = 33.9 mM 6, 8 . Chromatograms were fit to a series of Gaussian functions (Origin 7.0, OriginLab) to determine the number of components, their proportions, and their estimated masses ( Figure SP8 ) 8, 19 . Considering the difficulty to unequivocally correlate different quaternary organizations for CaFADS with similar hydrodynamic radii but different volumes and shapes (such as dimers, trimers, tetramers or hexamers) with their elution volumes, averaged values have been used for peaks mainly considered as monomeric species or oligomeric assemblies 8, 19 . To evaluate the effects of ligands in the formation and dissociation of protein assemblies, monomeric and oligomeric fractions of the freshly purified variants were first separated using the Superdex 200 10/300 GL column. Then, samples containing either monomers or oligomers were incubated for 10 min at room temperature with either only buffer (20 mM PIPES, 0.8 mM MgCl 2 , pH 7.0), or with buffer and the products of RFK activity (FMN and ADP). After incubation samples were again passed again through the gel filtration column to remove ligands. Oligomers and monomers were recovered and their relative populations were calculated.
Spectral analysis. Circular dichroism (CD) spectra were recorded with a Chirascan spectropolarimeter (Applied Photophysics Ltd.) at 25 °C as previously described 16, 20, 21 . Samples containing 5 µM CaFADS in 5 mM PIPES, 10 mM MgCl 2 , pH 7.0 and 20 µM CaFADS in 20 mM PIPES, 10 mM MgCl 2 , pH 7.0 were used in the far-UV (cuvette path length, 0.1 cm) or near-UV CD (0.4 cm), respectively. Difference spectroscopy measurements were carried out in 20 mM PIPES, 10 mM MgCl 2 , pH 7.0, with saturating concentrations of ligands 16, 20, 21 .
Qualitative detection of RFK and FMNAT activities. RFK and FMNAT activities were qualitatively assayed by separating flavins from reaction mixtures by TLC on Silica Gel SIL-G-25 plates (20 × 20 cm, thickness 0.25 mm), as previously described 24 . The 150 μl volumes of reaction mixtures containing 50 μM RF or FMN, 0.2 mM ATP, 10 mM MgCl 2 , and ~200 nM of CaFADS (a mixture of oligomeric species) in 20 mM PIPES, pH 7.0, were incubated for 5, 30 or 120 min at 37 °C. Reactions were stopped by boiling the preparations for 5 min. Flavin TLC spots were examined by monitoring their fluorescence under UV light.
Steady-state kinetics parameters for the RFK and FMNAT activities. The CaFADS RFK activity was measured at 25 °C in 500 µl of 20 mM PIPES, 0.8 mM MgCl 2 , pH 7.0, containing 0.5-45 µM RF and 10-500 µM ATP. Reactions were initiated by addition of ~20 nM of the monomeric enzyme. After 1 min incubation at 25 °C, the reactions were stopped by boiling the mixtures for 5 min. The flavin composition in the supernatant was determined using an Alliance HPLC system (Waters), equipped with a 2707 autosampler and an HSST3 column (4.6 × 150 mm, 3.5 µm, Waters), preceded by a precolumn (4.6 × 20 mm, 3.5 µm, Waters). Flavins (FMN or FAD) produced from RF were quantified using their corresponding standard curves, as previously described 21 . The CaFADS FMNAT activity was fluorometrically measured using a continuous assay. Measurements were performed in a final volume of 1 ml in 20 mM PIPES, 10 mM MgCl 2 , pH 7.0, containing 0-15 µM FMN, 0-400 µM ATP and ~40 nM of monomeric enzyme (higher concentrations were used for some variants) at 25 °C. A Cary Eclipse spectrophotofluorometer with excitation and emission wavelengths of 420 nm and 530 nm, respectively, was used. FAD and FMN fluorescence were individually calibrated using standard solutions and the data were analyzed as previously described 16 . The kinetic data obtained for one substrate at saturating concentrations of the second substrate (as nmol of flavin transformed per min) were interpreted using the Michaelis-Menten kinetic model, obtaining k cat and K m with errors of ±10%. When an excess of RF inhibited the RFK activity, the experimental data were interpreted through a model describing the substrate inhibition of a bi-substrate mechanism 26 . In these situations, the errors in apparent K m and k cat ( 
Isothermal titration calorimetry (ITC).
Measurements were performed using an AutoITC200 calorimeter (MicroCal), thermostated at 25 °C. Typically, 200 µM RF, FMN or FAD and 300 µM ATP solutions were used to titrate ~20 µM of monomeric CaFADS in a 200 µl cell volume. Ligand and CaFADS were dissolved in 20 mM PIPES, 10 mM MgCl 2 , pH 7.0, and degassed prior to titration. Up to 19 injections of 2 µl each were added to the sample cell and mixed via the rotating (1000 rpm) stirrer. Similar protein concentrations in the calorimetric cell were employed in all experiments to guarantee the same oligomerization state of each variant at all times 16 . The association constant (K a ), the enthalpy change (ΔH) and the stoichiometry (N), or their average values, were obtained through non-linear regression of the experimental data to a home-derived model for one or two independent binding sites; the regression was implemented in Origin 7.0 (OriginLab) 21 . The dissociation constant (K d ), the free energy change (ΔG), and the entropy change (ΔS) were obtained from basic thermodynamic relationships. Experiments were performed in duplicate or triplicate. Errors in the measured parameters (±15% in K d and ±0.3 kcal/mol in ΔH and −TΔS) were larger than the standard deviation between replicates and the numerical error after the fitting analysis.
Crystal growth, data collection and structure refinement of F206W, D298E and E301A CaFADSs. Samples of all CaFADS variants were dialyzed in 40 mM phosphate buffer, pH 6.8, and concentrated to 10 mg/ml. Crystallization conditions were similar to those previously used for the native protein, mixing a volume of 1.5 M Li 2 SO 4 and 0.1 M HEPES/NaOH, pH 7.5, with the same volume of protein solution 22 . Crystals were cryoprotected with solutions containing 50% reservoir solution and 50% saturated Li 2 SO 4 solution. Diffraction data sets were collected on the ID14-1 beamline at the European Synchrotron Radiation Facility (ESRF, Grenoble). Data sets were collected at 100 K using a wavelength of 0.93340 Å and processed, scaled and reduced with XDS 27 and SCALA 28 from the CCP4 package (Collaborative Computational Project, Number 4, 1994). MOLREP 29 from CCP4 was used to solve all the structures with the native CaFADS structure (PDB ID 2x0k) as a search model. Refinements were performed automatically by Refmac-5 30 from CCP4 and manually by COOT 31 . SFCHECK 32 , PROCHECK 33 and MOLPROBITY 34 were used to assess and validate final structures. Collection and structural data summarized in Table SP4 indicate that the F206W, D298E and E301A CaFADS crystals belong to the same space group as those reported for WT FADS, also possessing similar unit cell dimensions and asymmetric unit compositions 22 . The PISA server 23 was used to assess the oligomeric states of variants which might be consistent with their crystal structures, as well as to identify putative macromolecular interfaces and the residues involved in the interactions. Coordinates have been deposited in the PDB with PDB IDs: 5fnz for F206W, 5fo0 for D298E and 5fo1 for E301A.
Statistics.
Results are expressed as the mean ± the standard deviation (SD) or as the mean ± the standard error (SE) of the regression. When indicated, one-way analysis of variance (ANOVA) was performed to determine statistical significance.
